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Introduction
With the increasing penetration of wind power, the impact that the volatility of wind power bring to power grid has draw people's attention increasingly, wind power fluctuations caused by extreme weather are particularly noteworthy for operators. The study found that when tropical cyclone, tornado, strong convective weather and other inclement weather occurs, there will be a large scale wind power ramp event that lasts for few hours in the wind farm [1, 2] . In the case of large scale and high centralized integrate of wind farm, wind power ramp event will bring huge impact and operational risk to the power grid, it will cause frequency drops and active power imbalance and even lead to the risk of wind power curtailment or loss of load [3, 4] . So the operation risk evaluation of power system considering wind power ramp event is of great importance.
Accurate prediction of wind power ramp is the effective Prerequisite to evaluate the risk of power system brought by wind power ramp event. Current method of forecasting can mainly be divided into two types [5, 6, 7, 8] : (1) forecasting from the perspective of meteorology (2)Classification and identification of wind power ramp events based on various types of historical data, and then modify the predicted wind power. However, affected by many factors, the current forecast of wind power ramp event remains uncertainty [9] , also the level and accuracy of prediction has to be further improved, thereby affecting the accuracy of the results of the risk assessment.
Currently the risk evaluation of power system with wind power is mostly concentrated in assessing the reliability of power system with wind power in a relatively large time scale [10, 11, 12] . These studies tend to focus on statistical results in a large time scale, and therefore it is difficult to adapt to the system risk evaluation considering wind power ramp event. Though existing research on assessing the risk of power system considering wind power ramp event [13, 14] has considered the risk of loss of load, however, there are still some minor flaws on the wind power ramp model; in addition, they failed to focus on the risk of wind power curtailment caused by positive wind power ramp event; impact of wind power ramp event on power flow is also worth attention of operators.
According to the prediction of wind power ramp event, a risk assessment model considering positive and negative wind power ramp event based on Monte Carlo method is established in this paper. Thus operators are able to take steps to prevent and control the ramp event. Models, constraints and risk indices are introduced. Case studies are given in the final period.
2 Modeling and analysis of wind power ramp event 2.1 The uncertainty of wind power ramp event The uncertainty of ramp event is reflected in 3 aspects: start time, duration and amplitude. At the present stage, forecasting is the main measure to deal with the uncertainty of wind power ramp event. However, difficulty of forecasting wind power ramp event is relatively large due to the uncertainty of ramp event, and thus increased the uncertainty of prediction.
Risk evaluation of wind power ramp event is based on its prediction, the larger the prediction error is, the lower the prediction accuracy will be, therefore lead to low credibility of risk assessment results, and thus affect the decision making of operators.
2.2 Model of the wind power ramp event The start time, duration and amplitude of wind power ramp are under great uncertainty subject to the uncertainty and low precision level of prediction with wind power ramp. The wind power output is consistent with the day-ahead prediction before and after the ramp event, thus prediction error is considered.
Wind power ramp up and ramp down model diagrams are shown in Figure 1 and Figure 2 . In this model, the initial wind power is ) ( W P Ts , wind power ramp event starts at time S T . The duration of wind power ramp can be divided into n prediction intervals, there will be a ramp amplitude amp i P in each interval. Assume the ramp rate of wind power is unchanged in each interval, then the total duration dur T and ramp amplitude amp P can be expressed by the time intervals and ramp amplitude of n prediction intervals. The prediction error , ( ) W err P t is also considered before and after the wind power ramp. The model of wind power ramp event can be expressed as 
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Where ( ) W P t is wind power in period t, S T is the start time, T , dur T and amp P are independent from each other, it is crucial to sample 3 characteristic indicators separately according to their expectation and probabilistic distribution of in the process of risk assessment. 
Constraints satisfied in the system
Constraints that should be satisfied in the system during the process of risk evaluation are listed as follows:
(1) Active power balance constraint 
Risk indicators
When extreme weather events occur, if the wind speed does not exceed the cut off limit of wind turbine, the wind power will often rise by a large margin in the first place, the net load will fall by a large margin in a short period of time. If the negative ramp rate and down reserve capacity of conventional units are insufficient so that it cannot track the sharp fall of the net load, the phenomenon of wind energy curtailment will appear and create corresponding punishment on the economy. When the wind speed exceeds the cut off limit caused by extreme weather, a ramp down event will occur, the net load will rise by a large margin in a short period of time. If the positive ramp rate and up reserve capacity of conventional units are insufficient so that it cannot track the sharp rise of the net load, the phenomenon of loss of load will appear.
(1) Risk indicators of wind energy curtailment In order to evaluate the risk of wind power curtailment of the system caused by wind power ramp up event, EWEC (Expected Wind Energy Curtailment) is used to calculate the curtailed wind power.
Where K is the number of sampling using Monte Carlo method, i is the state that causes the event of wind energy curtailment, S are the total state that cause the event of wind energy curtailment,
is the curtailed wind power at i th state in the k th sampling, , i k t  is the duration of state i in the k th sampling, T is an assessment cycle.
(2) Risk indicators of loss of load EENS (Expected Energy Not Supplied) and ENENS (Expected Number of Energy Not Supplied) are adopted to evaluate the risk of loss of load of the system caused by wind power ramp down event.
Where j is the state that causes the event of loss of load, 
The Calculation Process of Wind Power Ramp Event Risk Evaluation Indexes
In this paper, Monte Carlo method is adopted to evaluate the risk of power system considering wind power ramp event. The calculation process of the risk assessment considering wind power ramp event is shown in Figure 3 . 
Case Studies
Based on the above risk assessment model of wind power ramp event, the proposed method is verified in the modified IEEE-RTS79 system. Monte Carlo simulation method is adopted and corresponding codes are written in Matlab7. The system consists of 24 nodes, 32 generators and 34 transmission lines, the total capacity of the system reaches 3405MW, and the peak load is 2850 MW. The generator with the capacity of 400MW in bus 18 is replaced by the wind farm of equivalent capacity, so the wind penetration is about 11.75%. The day-ahead prediction result of wind power is from a wind farm of China's Shandong province. Assume the start time, duration and amplitude of the wind power ramp event follows the normal distribution. DC power flow is adopted when calculating the power flow of the system.
The variation tendency of risk indices under different scenarios
Four scenarios are demonstrated in order to study system risk caused by wind power ramp event under different scenarios:
(1) It can be seen that, the risk indices showed an increasing trend with the increasing amplitude and decreasing duration of the wind power ramp event. Moreover, the variation tendency of risk indices is basically the same as the variation tendency of the load. When the load level is relatively low, such as 1-4h and 21-24h, the value of EWEC is relatively high accordingly, in this period the adjustable down reserve capacity of conventional units is relatively small. However when the load level is relatively high during the day time, risk indices EENS and ENENS are relatively high accordingly, in this period the adjustable up reserve capacity of conventional units is relatively small.
It is also indicated from Figure 4 , Figure 5 and Figure 6 that, the difference of the start time of ramp event leads to the difference of risk indices. Changes of the system risk indices are not only related with the load level, but also closely linked with variation tendency of the net load. In Figure  4 , when the start time of ramp up event is in the period 1-4h or 21-24h, because the load is in a downward tendency in these two periods, ramping up of the wind power leads to the increase of the drop rate of the net load, the negative ramp rate and down reserve capacity of conventional units are insufficient so that it cannot track the sharp fall of the net load, the value of EWEC is higher accordingly. While when the start time of the ramp up event is in other periods of the day, the variation tendency of the load is basically the same as the variation tendency of the wind power, and the phenomenon of dramatic decline of net load will not appear, the regulation ability of conventional units is sufficient to avoid the phenomenon of wind power curtailment. In Figure 5 and Figure 6 , the event of load rise and wind power drop occur simultaneously which leads to the sharp rise of the net load during the period 5-10h and 17-19h; the positive ramp rate and up reserve capacity of conventional units are insufficient so that it cannot track the sharp rise of the net load, which leads to the increase of EENS and ENENS. While the net load shows a decline tendency in other periods of time, the phenomenon of the net load sharp rising will not appear when the start time of ramp down event is in these periods of time, thus the regulation ability of the conventional units is sufficient to avoid the phenomenon of loss of load. 5.2 Off-limit risk of transmission line power flow with wind power ramp Risk indices of 2 transmission lines where the extent of power flow off-limit is relatively large in 6 periods of time (5h, 6h, 7h, 8h, 9h, and 10h) the day ramp event occurs are listed in Table 1 . Assume the expectation of ramp amplitude is 100%, the expectation of duration is 60min, the expectation of start time is 6h. When the wind power ramp event occurs, the power flow off-limit risk of branch 11 and 20 is much higher than that of other branches; branch 11 and 20 are the vulnerable spot of the system, and will easily deteriorate the operation conditions of the system further when the wind power ramp event occurs. Therefore in the actual operation of the power grid, operators are supposed to focus on the real time operation of these branches; in addition, start up control measures when the off-limit risk indices of these branches exceed a certain threshold, and to ensure that the operation risk of the system is in an acceptable range.
Conclusions
A risk assessment method considering high risk wind power ramp event based on Monte Carlo simulation is proposed in this paper. Firstly, wind power model of positive and negative wind power ramp event is established considering the uncertainty of wind power ramp event. Then several constraints are considered and DC power flow is adopted to calculate the active power of transmission line. The risk indices adopted include expected wind energy curtailment, expected energy not supplied, expected number of energy not supplied and off-limit risk indices of transmission line power flow, a specific algorithm flow of risk assessment is also given in this article. Finally, the validation of the proposed method is verified in IEEE-RTS79. The simulation results demonstrate that the change of start time of wind power ramp event leads to the variation of risk indices, and the variation tendency is closely linked with the load level. The larger the ramp amplitude and the smaller the duration of wind power ramp up and ramp down events are, the greater the risk indices will be accordingly. This is because when the wind power ramp event occurs, the ramp rate and the reserve capacity of conventional units are insufficient so that the regulation ability of the conventional units are not able to track the change of the net load, thus lead to the increase of risk indices. Meanwhile the off-limit risk of transmission line power flow caused by wind power ramp event is also worth attention of operators. The evaluation results in this paper validate the effectiveness of the proposed method, thus can provide guidance for scheduling and decision making of operators.
